Non-destructive characterization of surface microstructure of an engineering component is an important parameter to assess its fitness to function in the given service conditions. The paper describes various case studies performed in authors' laboratory involving use of portable X-ray diffraction based residual stress analysis system to examine and understand the micro-structural state of the investigated surface. A significant decrease in full width at half maximum (FWHM) of gamma(311) diffraction peak from about 4.2° in the cold worked state to about 2.5° in the annealed/surface melted state was recorded for austenitic stainless steel. In case of 0.4% carbon steel there is sharp increase in FWHM of alpha(211) diffraction peak from about 2° in the as received condition to about 5-6° in the laser hardened condition. Crystallographic texture developed during electro-plating of chromium on stainless steel, could be detected from the strong intensity of alpha (211) peak of chromium at about 19° to the surface normal with respect to all other X-ray inclination angles (ѱ) during residual stress measurement. The results show that FWHM and intensity variation of the diffraction peak are two sensitive parameters for characterization of surface microstructure. Change in FWHM has been used to detect machining-induced cold deformation and evolution of re-crystallized grains in austenitic stainless steel and formation of hard martensite in laser transformation hardened ferritic steel. Variation in the intensity of diffracted peak with respect to X-ray inclination angle provided valuable information regarding crystallographic texture in hard chrome plated deposits.
Introduction
Surface microstructure of a component plays an important role in governing response of an engineering component against various surface degradation mechanisms, including corrosion, wear, stress-corrosion cracking, fatigue, corrosion-fatigue, hydrogen embrittlement etc (Yamashita et al., 1997 , Koul et al., 1988 , Ghosh et al., 2010 , Ghosh et al., 2011 , Etienne et al., 2010 , Mandal et al., 2007 , Liu et al., 1992 . The procedure adopted for fabrication of a component (involving machining, welding and heat treatment) as well as its service conditions (stress, temperature, ambiance etc. greatly influence its surface microstructure (Yamashita et al., 1997 , Koul et al., 1988 , Ghosh et al., 2010 , Ghosh et al., 2011 . Therefore, non-destructive characterization of surface microstructure of as-fabricated and in-service components is very important parameter to assess their suitability to function and residual life in a given service environment (Dobmann et al., 1997 , Sagar et al., 2005 , Nanekar et al., 2004 , Frank et al., 2000 , Mathew et al., 2010 , Rai et al., 2004 , et al., Rai et al., 1999 . In this respect, there are situations demanding even in-situ micro-structural analysis. Conventional metallographic technique, because of its inherent limitation of being destructive in nature, cannot be applied on actual engineering components. In-situ metallographic technique, although very effective, does not provide complete micro-structural and related information, including phase identification, surface deformation, texture and state of stress. On the other hand, X-ray diffraction, due to its versatile nature, is an effective non-contact technique for analysis of surface microstructure, texture and state of stress (Frank et al., 2000 , Rai et al., 2004 , Rai et al., 1999 , Snyder et al., 1999 , Vivek et al., 2013 . However, conventional X-ray diffractometer, does not permit analysis of large and odd shape components. In this respect, a compact X-ray diffraction based residual stress analysis system, due to its portability and ability to extract micro-structural information from localized regions of large size or even odd-shaped components, is an effective tool for performing in-situ micro-structural analysis on engineering components which cannot be examined by a conventional X-ray diffractometer. In spite of its associated limitations with respect to short range of diffraction angles, the instrument provides useful information on surface microstructure, texture and state of stress with spatial resolution depending upon the size of the aperture chosen and distance between successive stress measurement locations. The versatility of the instrument can be further augmented by using it in conjunction with a portable electro-polisher which can remove the surface layer from the intended location in a controlled manner in steps of about 20 -40 μm up to the desired depth for obtaining stress measurements. The combined system can effectively function as a semi-destructive technique for extracting sub-surface microstructural information as well. The forthcoming part of the paper describes few case studies performed in authors' laboratory using a portable X-ray based stress analyzer.
Experimental
Various case studies, presented in the forthcoming part of the paper, have been performed using a Proto make portable X-ray diffraction based stress measurement system (Model iXRD). The system is equipped with replaceable miniature X-ray tubes of different wavelengths (Target materials: Cu, Cr, Mn and V) and power supply rating of maximum 30 kV-6.7 mA. The diffracted X-ray radiation is picked by two symmetrically placed (with respect to incident X-ray beam) position sensitive scintillation detectors (PSSD). Figure 1 shows the configuration of X-ray source and the detectors. Det1 and Det2 stand for two detectors (PSSD) mounted on an arc shaped goniometer, with an angular range of 18 degrees each (figure 1a). The range of diffraction angle (2ϴ) covered by the goniometer of the stress analyzer is 120 -160 degrees. The procedure of stress measurements involves recording profile of a diffraction peak (for a given crystallographic plane) at different inclination angles ѱ (angle between associated crystallographic plane (hkl) and specimen surface normal) with inter planar spacing "d" (refer figure 1b) . Using the resultant d-Sin 2 ѱ plot, the magnitude of surface residual stress in the given direction is estimated (Cullity 1978 , Noyan & Cohen, 1987 . The investigated spot on surface of the specimen is controlled by using apertures of different sizes. The system relies on using appropriate characteristic radiation (obtained by using different replaceable miniature X-ray tubes) to obtain diffraction peak in the detectable 2ϴ range of the diffractometer. It should be noted that apart from providing magnitude of residual stress, the stress analysis system also provides position (2ϴ), width (full width at half maximum) and intensity of given diffraction peak at different ѱ inclinations. While shift in peak position with respect to inter-planar spacing of chosen atomic plane is employed for estimating magnitude of residual stress, the other two parameters viz. width and intensity of diffraction peak can provide useful micro-structural information related to investigated surface. While width of diffraction peak is governed by associated grain size and deformation, the distribution of intensity of a given diffraction peak at different ѱ inclination angles provides information about associated crystallographic texture. Experimental parameters of the various case studies are discussed in detail in the each case study as they differ form case to case depending on of material under investigation. 
Case Studies

Detection of Surface Deformation and Annealing Effects in Austenitic Stainless Steel
Surface deformation and annealing effects in austenitic stainless steel were analyzed with MnKα characteristic radiation (wave length (λ) = 2.10 Å). Residual stress measurement involved recording of austenite (γ) (311) diffraction peak at 2ϴ = 152° in two orthogonal directions (circumferential and longitudinal) at eleven different ѱ inclinations, in the range of -44° to +44°. A circular spot of 2 mm diameter was selected for the said examination. Both surface and depth profiling modes were employed to obtain desired surface and sub-surface micro-structural information. Depth profiling of residual stress involved sequential electro-polishing and stress measurement at regular intervals of about 50 µm.
Machining-induced Cold Deformation in Type 304 Stainless Steel
Machining forms an important part in the fabrication of an engineering component. The process of machining involves, large amount of in-homogeneous plastic deformation, along with heat generated during machining, leaves a modified surface layer on the machined component. Possible types of surface damage introduced by machining are: (i) increase in surface roughness -deeper and sharper machining grooves may act as stress raisers, (ii) strain hardening with higher dislocation density, (iii) phase transformation with associated change in volume and (iv) high magnitude of tensile residual stresses -algebraically added to applied stresses during service. The nature of the modified surface layer is an important factor governing component's performance with respect to corrosion, wear and fatigue etc. (Ghosh et al., 2010 , Ghosh et al., 2011 , Ganesh et al., 2014 .
In the present case study, aimed to examine the micro-structural modifications on the surface of a machined component, a 37.7 mm diameter rod of AISI 304 stainless steel was machined (turning) using a lathe machine. Surface roughness of as-machined surface was 0.62 -1.1 µm. The results of the stress analysis carried out on the machined surface in two orthogonal directions (longitudinal and circumferential/hoop) revealed that as-machined surface of stainless steel rod carried high magnitude of tensile residual stresses. With respect to longitudinal direction, circumferential direction carried higher magnitude of tensile residual stress. The cutting force in the hoop direction is usually the largest and has the most significant effect on the residual stresses on a turned surface. Therefore, it is likely to expect the largest stress in the circumferential/hoop direction (Jang, Watkins, Kozaczek, Hubbard & Cavin, 1996) . Machining induced tensile residual stresses displayed sharp gradient in the shallow surface layer of 80 µm depth in which residual stresses experienced rapid drop as shown in Figure 2a . In addition, γ(311) diffraction peak also recorded considerably higher full width at half maximum (FWHM). Like residual stress, mean width (FWHM) of γ(311) peak also exhibited sharp fall in the top 80 µm thick surface layer. Figure 2b presents depth profile of mean FWHM of γ (311) diffraction peak in machined stainless steel rod. Higher width of austenite diffraction peak is caused by higher plastic deformation at the surface introduced by machining.
Figure 2. Depth profiles of (a) residual stresses and (b) FWHM of austenite (311) diffraction peak, as measured along circumferential and longitudinal directions in a machined rod of type 304 stainless steel.
Elimination of Surface Deformation Effects through Laser Surface Melting of Type 304 Stainless Steel
Recent research studies performed in authors' laboratory have demonstrated effectiveness of laser surface melting as a tool for micro-structural engineering for enhancing resistance of austenitic stainless steel against inter-granular corrosion , Parvathavarthini et al., 2008 , Kaul et al., 2009 . Apart from effecting micro-structural modification, laser surface melting, also serves to completely eliminate cold deformation present on the surface of the component. In austenitic stainless steel, surface deformation adversely affects its corrosion characteristics (Ghosh et al., 2010 , Ghosh et al., 2011 , Subba Rao et al., 2007 .
Experiments involving laser surface melting treatment were performed with a 100 W Nd:YAG laser (Gupta et al., 2015) . It involved scanning surface of 5 mm thick machined plate of type 304L stainless steel substrate with a focused laser beam at a scan rate of 15 mm/s. Laser treatment yielded 50 -60 µm thick surface melted layer. Surface profile of γ(311) diffraction peak of partly laser surface melted stainless steel specimen exhibited considerable reduction in FWHM in the surface melted region. Figure 3 shows the FWHM profile of γ(311) diffraction peak from the measurements carried out on the surface of the partly surface melted 304L SS specimen in both regions viz. as-machined as well as in laser melted region over a length of about 40 mm. The reduction in diffraction peak width (FWHM) is related to elimination of cold deformation effects present on the surface of as-machined stainless steel plate. Figure 3 . Profile of FWHM of austenite (311) diffraction peak, as measured by residual stress analyzer, along (longitudinal) and across (transverse) laser scanning direction on the surface of machined plate. Measurements were taken partly on the as-machined surface and partly on the laser melted regions of type 304L stainless steel.
Re-crystallization of Cold Worked Type 304 Stainless Steel through Laser Surface Heating
This case study is a part of surface modification experiments performed in authors' laboratory to achieve surface recrystallization in type 304 stainless steel for enhancing resistance against intergranular corrosion (Ganesh et al., 2013b) . The approach adopted for surface modification included shot blasting followed by multi-pass laser surface heat treatment, performed with a continuous wave (CW) CO 2 laser beam. In this process, shot blasting was used to introduce large amount of cold deformation into the material while subsequent solid-state laser heating served to facilitate formation of fine re-crystallized grains.
The results of residual stress measurement revealed that severe plastic deformation and resultant breakdown of surface grains brought about significant increase in FWHM of austenite (311) diffraction peak. Initial part of laser surface treatment of shot blasted surface witnessed relaxation of compressive residual stress introduced by shot blasting, without any noticeable change in FWHM of diffraction peak. Rapid relaxation of compressive surface residual stress is indicative of recovery of highly cold worked microstructure introduced by shot blasting (Hosford, 2005) . On the other hand, later stage of laser surface heat treatment brought about significant reduction in FWHM of diffraction peak, as shown in figure 4 . Detailed results of this study along with stress variation data and microstructural variation due to laser treatment are discussed elsewhere (Ganesh et al., 2013b) . During re-crystallization, cold worked microstructure containing deformed grains transforms to stress-free grains (Hosford, 2005) . Metallographic examination of the specimen confirmed that narrowing of diffraction peak was associated with evolution of re-crystallized grains associated with elimination of cold work after adequate laser treatment. Figure 4 . FWHM of austenite (311) diffraction peak of type 304 stainless steel in untreated, cold worked (through shot blasting) and re-crystallized (laser heating of cold worked specimen) conditions. Φ = 0 and 90 represent two orthogonal directions of stress measurements.
Surface Micro-structural Analysis of Ferritic Steel Parts
Surface microstructure of ferritic steel parts was analyzed with CrKα characteristic radiation (λ = 2.29 Å). Residual stress analysis of steel specimens involved recording of α(211) peak (2ϴ = 156°) at eleven different ѱ inclinations. Both surface and depth profiling modes were employed to extract desired micro-structural information.
Surface Decarburization in Hardened and Tempered Plate of SAE 9260 Spring Steel
Heat treatment of ferritic steel components in atmosphere usually results in surface decarburization which may bring about considerable reduction in surface hardness depending upon the extent of thermal exposure. This softened decarburized surface layer may facilitate early initiation of surface cracks during fatigue loading (Ganesh et al., 2012) . The substrate used in this study was a 6 mm thick plate of SAE 9260 spring steel in hardened and tempered condition. The details of heat treatment were: hardening temperature = 895 -935 °C and tempering temperature = 450 -490 °C. The heat treated specimen exhibited tempered martensite microstructure with micro-hardness value of 440 -480 HK (load = 1.96 N). Depth profiling of α(211) diffraction peak, on the substrate brought out considerable reduction in FWHM towards the surface, as shown in figure 5a. Metallographic examination of the heat treated specimens exhibited 50 -100 µm thick decarburized surface layer, as shown in figure. 5b. In the decarburized layer, the material suffered a drop in micro-hardness to 250 -330 HK (load = 1.96 N). It should be noted that tetragonality of Fe-C martensite (represented as c/a), increases with the carbon content (Reed-Hill, 1973) . In X-ray diffraction, the tetragonality of martensite brings about fine splitting of martensite peak which usually appears in the form of a broadened peak (Cullity, 1978) . About 125 µm thick layer, associated with minimum peak width (FWHM) of 2.8 -2.9, matches with metallographic observations and associated drop in micro-hardness from about 450 HK in the bulk to about 250-300 HK in the decarburized region (Ganesh et al., 2014) . This implies that surface decarburization brought about considerable reduction in tetragonality of ferrite phase and associated peak width. However, subsequent gradual rise of FWHM at depths beyond 100 µm is believed to be related to enhanced tempering effects. 
Martensite Formation on Laser Treated Surface of AISI 1040 Steel
Laser has found extensive application for transformation hardening of steel parts (Ion, J. C. 2002, Pashby et al., 2003 , Kennedy et al., 2004 . The technique is particularly suitable for localized surface hardening applications without the need for a separate quenching step. During the process of laser transformation hardening of steel parts, laser-exposed surface layer is briefly heated above upper critical temperature (Ac 3 for hypo-eutectoid steel)) to form austenite and subsequent to laser irradiation (as laser beam leaves the region) the surface layer is subjected to rapid cooling though self-quenching facilitating transformation of austenite into hard martensite (Deprez et al., 1990 , Kaul et al., 2005 , Dinesh Babu et al., 2013 .
In the present case study, laser transformation hardening of AISI 1040 steel specimens (30 x 30 x 5 mm) was achieved by scanning surface of the steel specimens with an elliptical shaped (major axis: 11 mm; minor axis: 1 mm) CW CO 2 laser beam of 2.5 kW power at different speeds (5 -13 mm/s) (Ganesh et al., 2013a) . In this study, residual stress analysis system was used to determine micro-structural state of laser treated surface and also (ii) determine total width of laser hardened zone and compare them with the corresponding information obtained by metallographic examination. Residual stress analysis, performed with CrKα radiation (λ = 2.29 Å), involved recording of α(211) peak (2 ϴ = 156°) at eleven different ѱ inclinations.
A line-scan of residual stresses across laser-treated track, made with a scan rate of 13 mm/s, exhibited that with respect to untreated base metal, laser treated region developed higher magnitude of tensile residual stresses (up to 250 MPa). The increase in residual stress was not accompanied by any noticeable change in peak broadening of ferrite peak, as shown in figure 6a. Metallographic examination of transverse cross-section of laser treated specimen did not reveal any noticeable change in the microstructure (refer figure 6b) . Figure 6 . (a) Surface profiles of residual stress and FWHM of α(211) diffraction peak across laser treated track (laser power = 2.5 kW and scan rate = 13 mm/s) and (b) associated micro-structure of cross-section of AISI 1040 steel specimen. Micro-hardness measurements carried out on the cross section of this specimen (load = 1.961 N) also exhibited no change with respect to the hardness of the untreated substrate. The above results suggest that the maximum rise in surface temperature during laser surface treatment (at a scan rate of 13 mm/s) was below lower critical temperature Ac 1 for the given steel to facilitate any phase transformation of room temperature micro-structure of ferrite and pearlite. However, local heating and cooling cycle experienced by the laser-irradiated region did result in modification in associated state of residual stress. During laser heating, laser irradiated zone tries to expand against colder surrounding regions. The resistance offered by surrounding regions against free expansion of laser irradiated region, puts this region under compression. During subsequent cooling, laser-irradiated region tries to shrink which is again resisted by surrounding regions, thereby resulting in generation of tensile stresses in this region. On the other hand, laser-treated track, made with a scan rate of 8 mm/s, displayed typical sine wave profile of residual stress across its width (figure 7a). Residual stress and peak broadening profiles displayed compressively stressed central zone of higher peak width, surrounded on its two sides by tensile stressed outer regions associated with lower peak width. The specimen treated with a scan rate of 8 mm/s (due to relatively higher heat in-put), developed well transformed laser hardened zone (LHZ), without any sign of surface melting. Martensite formation along with volume expansion effects generated considerable increase in the width of ferrite peak and compressive residual stress in LHZ. Formation of uniform compressive stress and higher peak width at the center of the laser treated zone implies that, local peak temperature has reached above upper critical temperature (Ac 3 ) and resulted in complete dissolution of iron carbide and formation of austenite phase with carbon in solution during heating, which, upon self-quenching, transformed into high carbon martensite. Similarly, in the depth profiles, the region associated with compressive residual stress associated with broad ferrite peak (211) was regarded as the total depth of laser hardened zone. Figure 7 . (a) Surface profiles of residual stress and FWHM of α (211) diffraction peak across laser treated track (power = 2.5 kW and scan rate = 8 mm/s) and (b) associated micro-structure of cross-section of AISI 1040 steel specimen. An important observation of residual stress and peak width of profiles across the laser treated zone was that the drop in peak width starts (as one moves away from the track centerline) before the onset of rise in residual stress. Cross-sectional metallographic examination of the specimen confirmed about 300 µm deep laser transformation hardened layer, as shown in figure 7b . Micro-hardness measurements on the cross-section of laser hardened zone exhibited about 250-300 μm deep hardened zone with micro-hardness in the range of 500-650 HV (load: 200 gf) as compared to about 250 HV for unaffected bulk. The micro-structure of laser hardened zone displayed steep micro-structural gradient ranging from homogenous lath martensite near the surface and in-homogenous martensite (in terms of its morphology) to dual phase martensite + pro-eutectoid ferrite microstructure at the bottom of laser hardened track. Similar micro-structural transitions were also recorded across the width of LHZ (Ganesh et al. 2013a) . Table 1 summarizes dimensions of laser hardened zone (scanned with 8 mm/s), estimated based on results of residual stress and peak width profiles, along with actual measurements determined by metallographic examination. It is seen that estimated dimensions of laser hardened zone are quite close to the results of metallographic examination. As compared to residual stress, width of ferrite diffraction peak is a more sensitive parameter to estimate the extent of various micro-structural zones (laser transformation hardened zone) with different phase constitution. There is a steep rise in the FWHM of ferrite peak (α(211) diffraction peak) in the laser hardened region. This technique has a potential for in-situ micro-structural analysis of ferritic steel weldments. As compared to residual stress, width of ferrite diffraction peak is a more sensitive parameter to estimate the micro-structural changes involving change in tetragonality of martensite formation. Table1 Hard chromium electroplating, because of its high resistance against corrosion and wear, finds extensive applications in aerospace, automobile and petro-chemical fields. An important characteristic of chromium electroplated deposits is high magnitude of tensile residual stresses, which increase with the thickness of the deposit (Jones 1989 , Dubpernell & Lowenheim 1968 , Kuo & Wu, 1996 . These stresses are relieved by local micro-cracking during the process of electroplating (Kuo & Wu 1996 , Nascimento et al., 2001 . High tensile residual stresses and large density of micro-cracks present in the electroplated deposits are responsible for reduction in its fatigue strength (Nascimento et al., 2001) . Hard chrome electroplated coatings deposited by direct current (DC) reportedly possess strong crystallographic texture ({111} fiber texture) that increases in the core of the coating with the growth in the thickness (Pina, 1997 ).
The present case study is part of a larger study aimed at enhancing fatigue life of hard chrome plated specimens of 15-5PH SS. The specimen used for the study was ground disc-shaped specimens (diameter: 50 mm; thickness: 3 mm) of 15-5 PH stainless steel in H1025 temper condition (solution treated at 1038 °C and aged at 551 °C). The specimens were subjected to hard chrome plating. Cross-sectional examination of chrome plated specimen displayed about 210 µm thick layer of chrome plating which was associated with short cracks mostly aligned along the thickness of coating. Figure 8 presents photomicrographs showing cracks on the surface and cross-section of chrome plated stainless steel specimen. In order to analyze micro-structural characteristics of chrome plated layer, the surface of chrome plated stainless steel specimens were subjected to residual stress analysis. In addition, the specimens were also subjected to depth profiling of residual stress as described above. Specimens' characterization was performed with CrKα characteristic radiation (λ = 2.29 Å) while using a circular spot of 2 mm diameter. Residual stress measurement involved recording of α(211) diffraction peak (2ϴ = 156°) in two orthogonal directions on the electroplated surface at 11 different ψ-inclinations, in the range of -44° to +44°. Figure 8 . Cross-section of chrome-plated 15-5 PH stainless steel. Note numerous micro-cracks in the chrome plated layer at the top. An important output of the results was large change in the intensity of α (211) diffraction peak with inclination angle. Repeated measurements at a number of sites on chrome plated surface revealed that at all the sites the maximum intensity of diffracted peak was recorded at an (ѱ-inclination angle of about 19° with the surface. Figure 9 presents recorded profiles of the (211) diffraction peak at different ѱ inclination angles. Figure 9 . Variation of intensity of Cr (211) diffraction peak from chrome plated surface with respect to inclination angle ѱ. Det1 and Det2 stand for two detectors (PSSD) placed on either side of the incident X-ray beam. The results suggest that, on the chrome plated surface, maximum number of α(211) crystallographic planes are oriented at an angle of about 19° (with respect to the surface). It should be noted that angle between the crystallographic planes (211) and (111) works out to be 19.46°, which is quite close to orientation of (211) planes with respect to chrome plated surface. The results therefore demonstrate that surface of chrome plated specimen carried strong {111} texture which is in line with the reported results (Nascimento et al., 2001) . Another important observation seen during depth profiling measurements of residual stress was that there is no change in preferred crystallographic texture along the thickness of chrome plating. It points to the fact that during chrome plating, grains nucleated from the surface of the substrate grow with preferred orientation which remains unchanged during the deposition of thick chrome plating. Depth measurements of residual stress in chrome plated specimens also brought out that the coating/substrate interface can be detected with (i) significant reduction in peak width and (ii) shift in position of diffracted peak towards lower diffraction angle, as shown in figure. 10. It can be inferred from these results that the anisotropy/crystallographic texture of the surface (electroplated/any other surface) can also diagnosed along with the residual stress data using the X-ray based residual stress measurement system. Figure 10 . Profiles of Cr (211) diffraction peak at different depths from the chrome plated surface. Note reduced peak width and shift in diffraction peak in the substrate (15-5 PH SS) in the bottom most profile.
Conclusions
The results of the case studies, described in this paper, have demonstrated that diffraction peak width and variation of the intensity of the diffraction peak are two important parameters, provided by residual stress analyzer, which can be correlated to micro-structural state of the investigated surface. The mean width of given diffraction peak has been found to be sensitive index to detect (i) surface cold deformation associated with higher FWHM and its subsequent drop due to elimination of cold work effects through surface melting/re-crystallization in austenitic stainless steel and (ii) surface decarburization associated with significant decrease in FWHM of ferrite diffraction peak with respect to bulk. In the case of surface transformation hardening, sharp rise in FWHM appeared to be a more sensitive parameter, than residual stress, to record changes in associated microstructure. On the other hand, variation in the intensity of diffracted peak of hard chrome plated surface with respect to various X-ray inclination angles (ѱ) provided valuable information regarding strong {111} crystallographic texture of the hard chrome plating. The direct implication of these results is that the portable residual stress measurement system can be effectively exploited as an in-situ non-destructive tool to extract useful information regarding surface microstructure of an as-fabricated component or service induced microstructural changes.
